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EXTENDED ABSTRACT 
High Purity Aluminium (HPA) is a high demand product on the global market due to its wide 
range of applications. The product value increases in accordance with its purity, in which 
majority of manufacturers aim to produce 5N category product with purity of 99.999%. 
Comprehensive process technology of HPA production from kaolin is currently in development 
at the UQ Hydrometallurgy group. A part of the proposed technology is the selective solvent 
extraction of Al (III) from pregnant leaching solution to obtain pure aluminium solution free 
from impurities.  
The aim of this thesis is to determine the optimal solvent extraction condition for aluminium 
from acidic sulphate solution and optimize the hydrogen ion neutralization. These will be 
achieved by: 
 Collecting and analyzing the current literature regarding aluminium solvent extraction and 
factors that affecting the efficiency 
 Selecting and comparing organic extractants, neutralizing compounds and stripping 
solutions  
 Experimentally defining the optimal solvent extraction condition for aluminium and 
analyse the collected data to provide necessary data for further research work 
Scope of this project was limited to pure synthesized Al (III) solution in order to simplify the 
experimental work within the given time frame. Literature focusing on the solvent extraction 
of Al (III), is scarce, especially as a main element of interest and limited to feed solution 
concentration up to 6 g/L. Based on the available information, Di(2,4,4-tri-methylpentyl) 
phosphinic acid (Cyanex 272) and Di-2-ethylhexyl phosphoric acid (DEHPA) are selected due 
to their commercial availability and wide application. Though, information on choice of 
neutralizing agent was limited to NaOH, which also selected to the experimental stage based 
on its wide application. Alternative option of Glycine was considered in this study based on its 
buffering properties; however, it is important to note that its application for Al (III) extraction 
is novel as it has not been previously attempted.  
The study found that NaOH exhibited various negative effect on Al3+ extraction under given 
experimental conditions. 5M NaOH solution addition formed Al(OH)3 gel precipitation in the 
aqueous phase. Thus, 2M NaOH solution was used as a neutralizing agent in two experiment 
~ III ~ 
set with target equilibrium pH of 1.8 and 2.5 with 20% DEHPA as an organic extractant at O/A 
= 1 ratio. In both experiments, NaOH hindered the achieved pH value to reach the target pH 
value by potentially causing Al hydrolysis in the aqueous phase. Downward trend was also 
observed in an extraction isotherm when NaOH used; author suggests that replacement of Na+ 
ion rejects Al3+ ion in organic phase might be the possible explanation of this effect. A long 
contact time was required to reach the equilibrium point with NaOH neutralization, for instance, 
26 minutes required for 2 g/l Al3+ solution to reach the equilibrium point. 
First time used Glycine was proved to be an effective neutralizing agent. Al3+ extraction was 
increased by about 60% when Glycine was used compared to the experiment result with NaOH 
neutralization. Overall, the equilibrium time significantly reduced to an average of 5.5 minutes 
with Glycine addition. Due to its high solubility in the aqueous phase, Glycine was added to 
the feed solution directly in dry crystal form with no Al(OH)3 precipitation was observed. This 
is a major advantage in neutralization as the addition will not change the O/A ratio. However, 
the Glycine consumption was proportionally increased with increase in Al3+ concentration in 
feed solution and rise in target equilibrium pH value. 
DEHPA exhibited better extraction properties than that of Cyanex 272. The experiment 
conducted at equilibrium pH = 3.0, O/A = 1 ratio and at 22 0C with Glycine as neutralizing 
compound. Under given experimental condition, loaded DEHPA contained ~7.5 g/L Al while 
loaded Cyanex 272 contained ~2.4 g/L Al.  Hence, it can be predicted that Al (III) extraction is 
quantitative in two stages at an A/O ratio of 1.5, equilibrium pH = 3.0 by 20% DEHPA with 
Glycine as neutralizing agent. 
H2SO4 solution showed some difficulty in the stripping test. Although Al3+ stripping efficiency 
was increased with increase in H2SO4 concentration, overall Al3+ recovery was poor. Highest 
recovery of 35.07% was achieved with 200 g/L H2SO4 solution from loaded DEHPA from 
equilibrium pH of 3.2, which was significantly lower than the satisfactory rate of >95%. To 
date, underlying cause of this poor performance remains largely unknown. 
Further research has also been proposed on: 
 Implement the proposed solvent extraction condition with kaolin leaching solution to prove 
the solvent extraction efficiency with presence of impurities 
 Investigate Glycine’s regeneration in raffinate, possibility of direct addition to leach 
solution and effect in other metal ions to gain deeper understanding of its role in solvent 
extraction  
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1. INTRODUCTION AND SIGNIFICANCE 
1.1. BACKGROUND 
High Purity Alumina (HPA) refers to the product which contains more than 4N (99.99%) metal 
aluminium oxide content. Currently HPA experiences immense growth and strong forecast 
demand at global market due to its superior properties and wide range of application in smart 
device production. The product value escalates in accordance with its purity, for instance, 4N 
category HPA costs $23,000 US/t while 5N HPA price reaches $50,000 US/t (Andromeda 
Metals, 2018) on global market by the end of 2018. Traditional HPA production faces major 
challenge with the rising capital and operating cost as the manufacturing involves synthesis of 
expensive metal feed stock (Boreham, 2019). Thus, majority of producers are seeking kaolin as 
an alternative feedstock for the HPA production as the source material is abundant, low-
impurity content (See Appendix 1) and cheaper in price.  
The production of 5N HPA can only be achieved via multi-stage hydrometallurgical routes. 
Current commercial operations involve HCl leaching, multi-stage calcination and 
crystallization and produces 4N (99.99%) pure HPA (Benchmark, 2018). However, these 
existing HPA production routes inherited traditional Al metal feedstock produced from Bayer 
process and Hall-Heroult process, hence the metal feedstock cost increases the overall 
production cost dramatically (Collerina Cobalt Ltd, 2018). According to Collerina Cobalt Ltd 
(2018), alternative hydrometallurgical route of solvent extraction is the only viable and cheaper 
option to achieve 5N HPA production due to its reagents recycling nature. Driven by this 
purpose, comprehensive process technology of HPA production from kaolin using acid 
leaching and solvent extraction steps aiming to produce 5N category product with purity of 
99.999% is currently in development at UQ Hydrometallurgy group.  
As a part of the development of the process flowsheet, aluminium solvent extraction behaviour 
needs to be studied from the pregnant leaching solution (PLS) including sulphate solution.  
1.2. PROBLEM STATEMENT 
In current industry practice, the majority of hydrometallurgical processes remove aluminium 
early in the process either by precipitation or crystallization. There is relatively little research 
that have been done on the solvent extraction of Al (III) due to this common practice. Most of 
existing literature focused on investigating Al (III) solvent extraction behaviour as an impurity 
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rather than the element of interest, thus Al3+ solution concentration is limited up to 6 g/L within 
the scope of these studies. One primary problem raised here is, as a main element of interest, 
current PLS contains about at least 10 - 13 g/L Al (III) in sulphate media. Hence the research 
towards the solvent extraction condition for such high concentration solution is particularly 
important. Moreover, due to the excess hydrogen ion liberation from the solvent extraction 
stage, careful pH control of the aqueous solution is crucial but problematic because widely used 
neutralizing agent NaOH can cause potential formation of colloidal aluminium hydroxide, 
Al(OH)3. Thus, research into the alternative options of neutralizing compound is essential.  
1.3. AIM AND SCOPE OF THE STUDY 
This thesis aims to determine the optimal solvent extraction condition for aluminium from 
acidic sulphate solution and optimize the hydrogen ion neutralization by: 
 Collecting and analysing current literature regarding aluminium solvent extraction and 
factors that affecting the efficiency 
 Selecting and comparing organic extractants, neutralizing compounds and stripping 
solutions based on the existing data 
 Experimentally defining the optimal solvent extraction condition for aluminium and 
analyse the collected data to provide necessary information and insight for further research 
work 
As a one semester thesis project study of master’s degree program, the scope of this project is 
limited to studying only aluminium solvent extraction behaviour from sulphate media. The 
aluminium feed solution will be synthesized from pure aluminium salt in order to avoid any 
possible interference. The solvent extraction tests will be carried out at ambient temperature in 
order to simplify the calculations.   
1.4. SIGNIFICANCE OF THE STUDY 
This project attempted to provide a positive contribution to literature by determining the 
optimum solvent extraction condition for aluminium as a main element of interest, thus the feed 
solution concentration is significantly higher than those of previous works. Also, Glycine 
application as a neutralizing agent is a relatively new approach as it has not been previously 
attempted in aluminium solvent extraction studies. 
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1.5. OUTLINE 
A literature review has been done to understand the basic principles of solvent extraction theory, 
its application in hydrometallurgical process and aluminium purification process. Current 
knowledge on aluminium solvent extraction process was studied to address the gap in the 
research area. Investigation was also carried out in order to gain the understanding of buffering 
mechanism, its application to hydrometallurgical process and application of Glycine as well. 
Laboratory experiments were carried out to achieve the goal of this thesis project. Finally, 
experimental results are discussed, and unresolved issues and ideas generated from this thesis 
are recommended for further research work. 
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2. LITERATURE REVIEW  
2.1. INTRODUCTION 
This chapter aims to present the review of previous work regarding aluminium extraction by 
organic extractants from sulphate media. Firstly, the overview of solvent extraction theory will 
be presented in order to understand the relevant factors of the process. Also an overview of 
general aluminium solvent extraction studies will be reviewed to frame the existing literature 
on the topic. Secondly, current knowledge based on previous studies will be analyzed to select 
suitable organic extractants and factors affecting efficiency of extraction and stripping stages. 
The solution buffering mechanism and application of Glycine in hydrometallurgical processes 
will also be investigated to explore the possibility of its usage in the current project. 
2.2. OVERVIEW OF HYDROMETALLURGICAL SOLVENT 
EXTRACTION PROCESS 
Otherwise known as liquid-liquid separation, solvent extraction is the hydrometallurgical 
process widely used for purification and/or concentration of a specific target (Cytec Industries, 
2010). The process of solvent extraction refers to the distribution of a metal ion between metal 
bearing aqueous solution and organic extractant in contact with each other. When metal bearing 
aqueous solution is mixed with organic phase or extractant, metal ion forms metal-organic 
complexes. This process can be described in the simplest equation as follows: 
𝑴𝒏+ + ?̅? ⇆ 𝑴𝑬𝒏̅̅ ̅̅ ̅̅      (2.1) 
It is important to note that solvent extraction is an equilibrium process, which means that based 
on a certain condition, the reaction described in equation 2.1 can shift to more favorable 
direction. The process generally consists of three stages including extraction, scrubbing and 
stripping. Figure 2.1 illustrates the simplified scheme of the solvent extraction. 
 
Figure 2.1. Schematic diagram of solvent extraction process 
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In the extraction stage, metal bearing aqueous solution is mixed with an organic extractant and 
the metal of interest is transferred from an aqueous phase to an organic phase. Two phases are 
then allowed to separate, extraction raffinate is separated for further treatment or recycled. Next, 
in the scrubbing stage, the loaded organic phase is contacted with a specific scrubbing solution 
to remove any impurities. This stage is optional if a bench-scale test is carried out on pure 
synthesized samples. After scrubbing, two phases are separated again, scrub raffinate solution 
is transferred to further treatment or recycle. Scrubbed organic phase is then transferred to the 
stripping stage, where the loaded solvent mixed with specific stripping solution. In this stage 
metal ion loaded to organic solvent is back-extracted to aqueous phase. After this stage, metal 
bearing aqueous phase is further processed to produce metal in interest whereas stripping 
solvent is recycled back to the extraction stage.  
The main parameter representing how the metal ion distributed to two phases is extraction 
coefficient (E) which described in equation 2.2: 
𝐸 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
          (𝟐. 𝟐) 
In industrial practice, typical phase flow arrangement referred as counter-current extraction 
system is widely used which is illustrated in Figure 2.2: 
 
Figure 2.2. Typical counter-current multistage extraction circuit 
Where: A – Flow rate of the aqueous phase 
  O – Flow rate of the organic phase 
  xi – [Al] in aqueous phase in the ith stage 
  yi – [Al] in organic phase in the ith stage 
The mass balance equation is formed from the any of the equilibrated stage is described as 
follows in equation 2.3: 
𝑦𝑛+1 =
𝐴
𝑂
(𝑥𝑛 − 𝑥0) + 𝑦1             (𝟐. 𝟑) 
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The A/O ratio expressed in this mass balance equation is referred as operating line which is 
implemented to predict the number of extraction stage when McCabe-Thiele diagram is plotted. 
Based on the nature of the extractable metal and organic solvent, solvent extraction process is 
ruled by the either one of the following three mechanisms: 
(i) Extraction involving compound formation 
This mechanism involves cation exchange reactions described in equation 2.4: 
𝑴𝒆(𝒂𝒒)
𝒏+ + 𝒏𝑹𝑯(𝒐𝒓𝒈)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ⇌ 𝑹𝒏𝑴𝒆(𝒐𝒓𝒈)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝒏𝑯(𝒂𝒒)
+         (𝟐. 𝟒) 
Where: Men+(aq)  - Metal ion in the aqueous phase 
  RH(org)̅̅ ̅̅ ̅̅ ̅̅ ̅ – Organic acid in organic phase 
             𝑅𝑛Me̅̅ ̅̅ ̅̅ ̅̅ (org) – Metal organic complex 
  H+ - Hydrogen ion (proton) 
Chelating extractants and organic acids are the main organic extractants involved in this 
reaction. It is clear from the equation (2.4) that extraction process of a metal ruled by this 
mechanism is highly dependent on hydrogen ion concentration because the reaction is a reverse 
process. Thus, it is crucial to neutralize the excess hydrogen ion at extraction stage to achieve 
high metal loading and promote the hydrogen ion concentration at stripping stage to back-
extract the metal ion. All currently available literature agree that solvent extraction of 
aluminium is the most efficient under cation exchange mechanism (Ritcey, 2006a) mostly using 
organic acids.  
(ii) Extraction involving ion association 
This mechanism involves anion exchange which does not have a representative universal 
chemical reaction due to its difficulty in defining the organic phase species (Kislik, 2012b). In 
general, metal ions that can form negatively charged complexes in the aqueous phase can be 
extracted to the organic solvent with large organic cations. Amines are the main organic 
extractants of this anion exchanging mechanism. Co and U are the main elements of interest in 
this area. Currently no previous research has investigated possibility of aluminium extraction 
by this mechanism. 
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(iii) Extraction involving solvation of the metal ion 
This mechanism involves the transfer of a neutral inorganic complexes from aqueous to organic 
phase. Again, there is no universal chemical equation exists to represent the general mechanism 
of this extraction due to the various structures of inorganic compound. The main organic 
extractants of this mechanism include carbon-oxygen bond extractants and phosphorus-sulphur 
extractants. Within the knowledge of the author, no major research has been done on the 
aluminium extraction by this mechanism. 
2.3. EXTRACTANTS FOR PURIFYING ALUMINIUM FROM A 
SULPHATE SOLUTION 
As stated in Section 2.2, all currently available research agree that cation exchange reaction is 
the most effective solvent extraction type for aluminium extraction. Moreover, acidic 
extractants have proven to be of particular importance for the selective extraction of aluminium. 
The following section will review the available literature toward the different acidic and other 
extractants. 
2.3.1. ORGANOPHOSPHORUS ACIDS AS EXTRACTANTS 
Aluminium extraction using organophosphorus acids as well as carboxylic acids carried out as 
per equation 2.5, a derivative of general equation (2.4): 
𝑨𝒍(𝒂𝒒)
𝟑+ + 𝟑𝑹𝑯(𝒐𝒓𝒈)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ⇌ 𝑹𝟑𝑴(𝒐𝒓𝒈)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝟑𝑯(𝒂𝒒)
+         (𝟐. 𝟓) 
Alkylphosphorus acids, derivatives of organophosphorus acids have proven to be the most 
versatile in many metal extraction over the years (Ritcey, 2006a). Among these both DEHPA 
and Cyanex 272 are most commonly used in Al3+ extraction due to their well-studied status, 
high loading capacity and commercial availability. Cyanex 272 is the commercial name of 
Di(2,4,4-tri-methylpentyl) phosphinic acid, while DEHPA is the commercial abbreviation of 
Di-2-ethylhexyl phosphoric acid. Various research results using either of these acids on 
aluminium extraction is presented at Section 2.4. 
Figure 2.3 illustrates the metal extraction curves of Cyanex 272 and DEHPA from sulphate 
solutions respectively. 
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(a)  
(b)  
Figure 2.3. Metal extraction curves from sulphate solutions (a) Cyanex 272 (Habashi, 
1993), (b) DEHPA (Archer S.J., 2014) 
Based on the first plot, it is obvious that aluminium is possible to be extracted at pH region of 
2.8 – 3.1 in sulphate media by Cyanex 272. However, the second plot provides the highest 
extraction efficiency about 90% at pH region of 4 – 5. This is contrary to the experimental 
findings of various studies described in Section 2.4. 
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2.3.2. CARBOXYLIC ACIDS AS EXTRACTANTS 
Traditionally, carboxylic acids are not widely used for aluminium extraction due to its high 
aqueous solubility (Ichlas and Ibana, 2017). Earlier studies done by Preston (1985) focusing on 
the application of carboxylic acids on di- and tri- valence metals reported that Versatic 10 found 
to be an effective extractant for this purpose. Most recent studies by Wang et al. (2018) and 
Yang and Qiu (2017) are found that saponified naphthenic acid (NA) successfully separated the 
aluminium from REEs. Detailed literature reviews of these works are described in Section 2.4. 
Figure 2.4 illustrates the metal extraction curves of Versatic 10 acids. 
 
Figure 2.4. Metal extraction curves of Versatic 10 acid in xylene 
 
2.3.3. HYDROXYOXIMES AS EXTRACTANTS 
Hydroxyoximes are classified as chelating extractants rather than organic acids. This type of 
extractants widely used in a specific extraction of copper and nickel specifically in a 
commercial range (Kislik, 2012b). To the best of the knowledge of the author, only one research 
article have looked to the application of hydroxyoxime extractant to aluminium solvent 
extraction. Oiazabal et al. (1991) reported that 2% LIX 26 diluted in n-octanol quantitatively 
extracted the Al in the equilibrium pH = 9 – 12 regions from Mo and V containing alkaline 
solution. However, this option surpasses the scope of this thesis due to the completely different 
pH region, hence will not be discussed further. 
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2.4. OVERVIEW OF ALUMINIUM EXTRACTION 
In the current industrial practice, the majority of hydrometallurgical processes remove 
aluminium early in the process either by precipitation or crystallization. Thus, there is relatively 
little research that has been done on the solvent extraction of Al (III) due to this common 
practice. Most of existing literature studied Al (III) solvent extraction behaviour as an impurity 
rather than the element of interest, thus Al3+ solution concentration is limited up to 6 g/L within 
the scope of these studies. 
In his fundamental textbook of the solvent extraction theory and industrial practice, Ritcey 
(2006a) proposed DEHPA can be used to extract Al (III) with feed solution concentration up to 
5 – 6 g/L from sulphate media in two stages with careful pH range of 3.0 – 4.0. The solvent 
matrix consists of 0.1M (v/v) DEHPA in kerosene, containing 4% nonano1. This study also 
suggested that in the presence of Cr, Fe, Ti and Zr, aluminium sulphate solution is oxidized by 
chlorine gas prior to the solvent extraction and then use secondary amine such as Amberlite 
LA-1 or LA-2 for 90 minutes. In this case, the solution pH is not specified. The author also 
stated that aluminium solvent extraction displayed extremely slow kinetics, hence the loaded 
solvent contained only 2.8 g/L Al3+ content instead of theoretical value of 3.6 g/L. Similarly, 
Al3+ loading capacity of DEHPA was investigated by Benitez J.C. (1998) who reported that 
2.45 g/L Al3+ is loaded 1 mol/L DEHPA from sulphate solution, which is consistent to previous 
author.  
DEHPA was also effectively used to separate Al (III) from multi element solution. Mónica 
Maria Jiménez et al. (2018) investigated the possibility of Zn, Al and Cu separation from 
electronic waste leaching liquor successfully. They found that Al (III) fully extracted from PCB 
solution using 10% DEHPA diluted in kerosene at equilibrium pH = 3.5, 25 0C, 10 min of 
contact time at A/O = 2 ratio. The quantitative extraction was achieved in two stages. 
There have been numerous studies done towards the investigation of the separation of 
aluminium by solvent extraction method from cobalt and nickel containing solution with 
various matrices under acidic region. 
Tsakiridis and Agatzini-Leonardou (2005) studied the extraction and separation of aluminium 
from cobalt, nickel and magnesium in nickeliferous heap leach solution which contained 6 g/L 
Al3+. The Al3+ extraction efficiency in this study was >99.5% with 20% (v/v) Cyanex 272 
diluted in Exxol D-80 with 5% TBP at pH = 3.0, T = 40 0C and phase ratio of A/O = 1. In a 
similar study of separating Al (III) from Co (II) and Ni (II) containing sulphate solution, 
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Mohapatra and Park (2008) found that 1M Cyanex 272 diluted in carbon tetrachloride 
selectively extracted Al3+ quantitatively in two stages at an A/O = 1 ratio and an equilibrium 
pH = 3.2. In this study, the author experimentally proved that three protons were released during 
the cation exchange reaction between Al3+ ion and organophosphonic acid Cyanex 272, which 
is consistent to the existing theory. Ichlas and Ibana (2017) extended this study in multi element 
containing nitrate solution also demonstrated that Al (III) separation by Cyanex 272 is 
quantitative with even lower equilibrium pH of 2.1 from Co, Ni, Zn containing solution. 
Currently only one research article was found focusing on comparison of the extraction 
efficiency of DEHPA and Cyanex 272. Mohapatra et al. (2007) compared Na-Cyanex 272 and 
Na-DEHPA efficiency for the separation of Al (III) in aqueous sulphate medium in presence of 
Co and Ni. The initial feed solution contained 2.4 g/l Al3+, 2 g/L Co2+ and 0.5 g/L Ni2+. In this 
study, the authors found that maximum Al (III) extraction was achieved at equilibrium pH of 
3.2 – 3.6 for Na-Cyanex 272 and pH of 3.5 – 4.2 for Na-DEHPA. For both extractants, 0.3M 
extractant at an A/O = 1 was effective. Both kerosene and carbon tetrachloride were considered 
as effective diluents in this study. Besides the slight difference between equilibrium pH values, 
temperature also has different effect on the efficiency of these extractants. The author suggested 
that while temperature increase up to 60 0C have a positive effect on Cyanex 272 efficiency, no 
difference observed for DEHPA performance. 
Synergistic solvent – a mixture of Cyanex 272 and DEHPA efficiency was studied by Jimenez 
Correa et al. (2014) recently. The organic solvent contains 10% (v/v) of DEHPA and 10% (v/v) 
of Cyanex 272 quantitatively extracted Al (III) from multi element printed circuit board (PCB) 
solution at equilibrium pH range of 4 – 5 and an A/O = 1 ratio. The temperature increase from 
25 0C to 50 0C enhanced the aluminium extraction efficiency. 
Very few carboxylic acids are used for aluminium extraction due to its high aqueous solubility 
(Ichlas and Ibana, 2017). Preston (1985) used 0.5M Versatic 10 acid diluted in xylene 
quantitatively extracted Al (III) at equilibrium pH = 3.5 – 4.0 in 20 0C from nitrate solution. 
However, the contact time was extremely slow; up to 15 hours required to reach the equilibrium. 
A series of recent studies conducted on separating Al from rare earth elements (REE) using 
saponified naphthenic acid. Wang et al. (2018) and Yang and Qiu (2017) both described similar 
processes for separating Al from REE via solvent extraction using synthesized NA. The 
highlight of latter author’s work was the two-stage extraction of Al using two different 
laboratory synthesized solvents. In order to separate Al completely, S-OPIPA (saponified octyl-
phenoxy isopropionic acid - synthesized) was used in the first stage and S-NA (saponified 
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naphthenic acid - synthesized) was used in the second stage. Both authors suggested that in 
order to reach the optimum extraction results, maintaining the initial solution at pH = 3 is 
necessary, which supported the findings of the effective Al extraction range of Ritcey (2006a). 
One important finding of this research was S-OPIPA has extracted Al well from leachate 
solution which contains high Al concentration while S-NA is easily emulsified in that. After 
the first extraction, S-NA effectively extracted the residual Al from the solution, in which the 
researchers are concluded that saponified naphthenic acid has excellent extracting ability of Al 
at lower concentrations. 
From the above literature studies, it was concluded that Al (III) extraction is possible in the 
acidic pH region, namely in between 2.5 – 3.5. However, extraction efficiency also highly 
depends on the extractant and diluent type. 
2.5. DILUENT TYPE 
In industrial and bench-scale test practice, organic extractants are rarely used in pure form and 
mixed with another organic liquids referred to as diluents. Diluents dissolve the extractants, but 
largely do not react with neither aqueous solutions nor metals in interest. Though diluents 
themselves have no capacity of metal extraction, they have certain effect on solvent extraction 
by decreasing viscosity of extractant, increasing the overall organic phase volume thus reduce 
the extractant consumption and improving the dispersion rate (Ritcey, 2006b). Limited number 
of studies looked to the effect of diluent on aluminium extraction. Mohapatra et al. (2007) 
reported that kerosene, chloroform and carbon tetrachloride have positive effect on aluminium 
extraction. Due to its large consumption and environmental issues (Kislik, 2012a), commercial 
use of diluents is limited, hence in a majority of the solvent extraction work, kerosene or its 
derivative ShellSol 2046 is used based on their environmental and cost saving aspects. The 
technical data of ShellSol 2046 is provided in Appendix 2. 
2.6. NEUTRALIZING AGENT 
As stated in Section 2.3.1, aluminium extraction efficiency heavily depends on the equilibrium 
pH or hydrogen ion concentration of the aqueous phase. A change in hydrogen ion 
concentration will drop the solution pH value and reverse the reaction direction, thus decreases 
the metal extraction rate. As such, it is imperative to neutralize the excess hydrogen ion 
liberated from organic acids.  
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2.6.1. NAOH AS NEUTRALIZING AGENT 
In current solvent extraction practice, the most commonly used neutralizing agent is NaOH 
solution. The majority of prior research has reported successful application of this compound. 
Those literature also claimed volume of NaOH solution is negligible as a few drops of NaOH 
solution was strong enough to adjust the solution pH (Tsakiridis and Agatzini-Leonardou, 2005, 
Yang et al., 2014, Mónica Maria Jiménez et al., 2018).  
The neutralizing mechanism simply ruled by the OH- ion in NaOH structure reacts with H+ ion 
to generate H2O (water) molecule as in equation 2.6: 
𝐴𝑙(𝑎𝑞)
3+ + 3𝑅𝐻̅̅ ̅̅ (𝑜𝑟𝑔) + 3𝑁𝑎𝑂𝐻(𝑎𝑞) ⇆ 𝑅3𝐴𝑙̅̅ ̅̅ ̅̅ (𝑜𝑟𝑔) + 𝐻2𝑂(𝑜𝑟𝑔) + 3𝑁𝑎(𝑎𝑞)
+     (𝟐. 𝟔) 
However, one drawback of adding alkaline solution to Al3+ bearing solution is potential 
formation for colloidal Al(OH)3 gel precipitation which described in equation 2.7: 
𝐴𝑙(𝑎𝑞)
3+ + 3𝑂𝐻(𝑎𝑞)
− ⇆ 𝐴𝑙(𝑂𝐻)3 ↓                        (𝟐. 𝟕) 
Currently no previous research has reported the Al(OH)3 precipitation due to NaOH addition, 
though as mentioned in Section 2.4, the phenomenon might not be observed due to the low Al3+ 
concentration solution usage in majority of these literature. 
2.6.2. ALTERNATIVE NEUTRALIZATION OPTIONS 
Several studies reported a couple of alternative approaches of neutralization previously. Ritcey 
(2006b) reported that limestone is used by U.S. Bureau of Mines procedure. However, the 
described process was somewhat problematic as constant gypsum precipitation occurred in the 
circuit which need to be removed immediately. Some studing including (Mohapatra et al., 2007, 
Wang et al., 2018, Yang and Qiu, 2017) are used 50% neutralized Na salt of either DEHPA, 
Cyanex 272, OPIPA or Naphthalic Acid successfully. One advantage of this approach is the 
exchange between Na+ ion and Al3+ will not affect the overall solution pH. Despite of this 
advantage, this method requires additional regeneration of Na-(Organic Extractant) step during 
the recycling stage (Habashi, 1993).  
2.6.3. BUFFERING MECHANISM 
Buffering the aluminium containing solution has its benefits to prevent the possible aluminium 
ion reacting to water molecule which is called aluminium hydrolysis. Aluminium ion is strongly 
hydrolyzing metal in nature, hence when the solution pH increases, Al3+ gradually undergoes 
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to sequential hydrolysis reaction with hydroxyl ion of water molecule as depicted in equation 
2.8 (Saukkoriipi and Laasonen, 2010): 
𝐴𝑙3+ + 𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)
2+ + [𝐻3𝑂]
+ → 𝐴𝑙(𝑂𝐻)2
+ + [𝐻3𝑂]
+ → 𝐴𝑙(𝑂𝐻)3 + [𝐻3𝑂]
+ →
𝐴𝑙(𝑂𝐻)4
−                                (𝟐. 𝟖)  
According to Saukkoriipi and Laasonen (2010), in the acidic range of pH ≈ 3, aluminium ion 
predominantly forms as Al3+, but raising the pH by 2 units (pH ≈ 5) changes the ion speciation 
strongly. The distribution of Al hydrolysis products as a function of the solution pH is depicted 
in Figure 2.5: 
 
Figure 2.5. Distribution of Al hydrolysis products as a function of pH (Saukkoriipi and 
Laasonen, 2010) 
The metal ion hydrolysis has a negative effect on solvent extraction because the hydrolyzing 
reaction produces either soluble or insoluble stable metal complex compounds which will not 
react to organic solvents (Ritcey, 2006a). And from the Figure 2.5, it is also evident that Al3+ 
ion predominantly exists in pH = 3. Thus, it is essential to buffer the solution pH within this 
range in order to effectively extract the Al3+ ion without any Al hydrolyzing product. 
Mohapatra and Park (2008) used small amount of CH3COONH4/H2SO4 buffer solution to 
neutralize the hydrogen ion. This approach is quite interesting because unlike the neutralization 
mechanism described in section 2.6.1, buffering mechanism picks up the hydrogen ion from 
the solution media, but do not release any proton in exchange. Thus, it can be assumed that any 
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type of precipitation or other side effect will  not be occurred when buffering agent is used in 
the route. Equation 2.9 describes the general buffering mechanism reaction: 
[𝐻𝐴] ⇆ [𝐻+] + [𝐴−]                      (𝟐. 𝟗) 
Where: [HA] – Weak acid 
  [A-] – Conjugate base 
When weak acid is dissociated in the water or aqueous system and reached to its dissociation 
equilibrium, a small difference in hydrogen ion will not change the solution pH as the 
equilibrium will be shifted to the left (Burgot, 2012). This phenomenon is called the buffering 
mechanism. 
Glycine is a simple amino carboxylic acid which is best known for its unique buffering 
properties illustrated in equation 2.10.  
  
(2.10) 
 
 
Glycine contains amine (basic) and carboxylic (acidic) group in its structure. When dissolved 
in the aqueous phase, -NH2 group picks up H+ ion from the -COOH group to leave a zwitterion 
which acts as both an acid and a base simultaneously. When zwitterion reacts with H+ proton, 
-COO- group bonds with it and reaction between cation and zwitterion continues until 
equilibrium is reached. Here: Glycine’s equilibrium constant between cation and zwitterion is 
pK1 = 2.35. The relationship between solution pH and equilibrium constant pK1 is described in 
equation 2.11: 
𝑝𝐻 = 𝑝𝐾𝑞 + log (
𝐶𝐻𝐺𝑙𝑦
𝐶𝐺𝑙𝑦
)                                       (𝟐. 𝟏𝟏) 
Where: CHGly – Concentration of Glycine cation 
  CGly – Concentration of Glycine zwiterrion 
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Equation 2.11 is referred as Henderson-Hasselbach’s equation (Burgot, 2012), which is a 
simplified expression of the fundamental theory of the buffering reaction. Based on this theory, 
practical application of buffering mechanism proved that the buffering capacity of the 
compound is the highest when pK1 is close or equal to the target pH. Thus, Glycine is a suitable 
candidate for the neutralization of this aluminium extraction study as its pK1 value is close to 
the target aluminium equilibrium pH of 2.5 – 3.5.  
2.6.4. GLYCINE APPLICATION IN HYDROMETALLURGY 
Glycine is highly soluble in water at solubility rate of 250 g/L at 25 0C, but not soluble in most 
of typical organic solvents. Despite possessing unique chemical structure, Glycine application 
in hydrometallurgy is limited to the precious metals leaching. Glycine is considered as an 
effective lixiviant which selectively leaches copper as aqueous glycinate complexes at alkaline 
environment (Tanda et al., 2017). The copper complex then selectively extracted by Mextral 
84H to produce pure Cu product. It was reported in the literature that Glycine/Glycine system 
is recyclable through H2SO4 stripping. 
Oraby and Eksteen (2015) investigated the possibility of gold-silver leaching in an alkaline 
glycine-hydrogen peroxide system. Results showed that gold leach rate is increased with 
increase in glycine concentration at pH = 10 – 11 within 48 hours. Activated carbon then was 
shown to effectively adsorb gold and silver from glycine containing solution. 
However, none of these authors conducted experimental studies on Glycine’s buffering 
properties in acidic solution. Nor did any other research has investigated the Glycine effect on 
aluminium solvent extraction. 
2.7. STRIPPING TEST 
As noted in Section 2.2, stripping test is the reverse reaction of solvent extraction. Based on the 
equation 2.4, it is easy to assume that excess hydrogen ion will replace the metal ion from 
loaded organic and hence, metal ion is back-extracted to aqueous phase. Thus, the existing 
literature use various acids in stripping stage. 
H2SO4 is found to be an effective stripping agent by majority of research (Ichlas and Ibana, 
2017, Mohapatra and Park, 2008, Tsakiridis and Agatzini-Leonardou, 2005) for both DEHPA 
and Cyanex 272. These studies suggested that >99% Al3+ stripping efficiency was achieved 
0.5M - 2M H2SO4 solution at an O/A = 1. Benitez J.C. (1998) and Ritcey (2006a) claimed HCl 
is an alternative effective option of stripping agent. In both of these studies, very high O/A ratio 
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was required; 6 mol/L HCl at an O/A = 10 ratio to strip >95% Al3+ and 6 – 8N HCl at an O/A 
= 18 are suggested respectively. In the latter study, the author observed extremely long – 10 
minutes of equilibrium time required to fully strip the loaded organic. Wang et al. (2018) 
studied various stripping agents to separate Al3+ from REE loaded S-OPIPA and S-NA. In this 
process, preferred stripping agent was NaOH solution followed by HNO3 solution. HCl and 
H2SO4 solution are found to be the least effective options. 
Overall, it is possible to strip the Al3+ from loaded organic using strong inorganic acids. H2SO4 
appears to be the most common, cheapest and the most efficient stripping agent. 
2.8. SUMMARY OF THE REVIEW 
The major findings of this literature review can be summarized as follows: 
 Aluminium extraction behaviour from sulphate solution in the presence of other metals 
is a relatively well studied topic. However, the majority of literature reviews treated 
aluminium as an impurity rather than element of focus, hence the solvent extraction 
behaviour of high aluminium concentration solution is relatively unknown. 
 Organophosphorus acids are the most commonly used extractants for aluminium 
extraction. Both Cyanex 272 and DEHPA are appeared to be suitable extractants for 
aluminium in sulphate solution. These extractants are relatively well-studied and 
commercially available. Versatic 10 acid and LIX 26 have limited application on 
aluminium extraction. 
 For both Cyanex 272 and DEHPA, 20% (v/v) organic solvent diluted in ShellSol 2046 
appear to be an effective concentration range for solvent extraction studies. 
 The major equilibrium pH region for effective Al extraction is 2.5 – 3.5 with careful pH 
control. 
 NaOH is widely used, cheap and relatively well known neutralizing agent. But the 
application of this compound on high Al3+ content solution might be problematic. 
 Glycine is relatively unknown and scarcely studied compound in the hydrometallurgical 
field. However, its unique buffering characteristics show some promising application as 
neutralizing agent in solvent extraction. 
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3. METHODOLOGY 
This chapter describes the selection and preparation of organic and inorganic reagents, 
apparatus, equipment and test conditions used for conducting the experimental work. 
3.1. REAGENTS 
The complete list of reagents used in this experimental work is outlined in Table 3.1. All 
inorganic reagents used were of analytical grade. The organic solvents and diluent were as 
supplied without any further purification. 
Table 3.1. List of reagents used in the experiment 
Reagent Formula Purity Supplier 
Inorganic Reagents 
Aluminium sulphate octadecahydrate Al2(SO4)3‧18H2O 98% CHEM-SUPPLY 
Glycine NH2CH2COOH 98.5% CHEM-SUPPLY 
Nitric Acid HNO3 70% CHEM-SUPPLY 
Sodium Hydroxide NaOH 97% UNIVAR 
Sulphuric Acid H2SO4 98% CHEM-SUPPLY 
Organic Reagents 
Di-2-ethylhexyl phosphoric acid 
(D2EHPA) 
(C8H17O)2POOH 97% Sigma Aldrich 
Di(2,4,4-tri-methylpentyl) 
phosphinic acid (Cyanex 272) 
(C8H17)2POOH 85% Cytec Australia 
ShellSol 2046 - ~80% Shell Chemicals 
 
3.1.1. AQUEOUS SOLUTION PREPARATION 
In order to study the extraction behaviour of Al (III) without any other metal ion interferences, 
the initial 10 g/L Al3+ stock feed solution was prepared by dissolving the pure aluminium 
sulphate powder in deionized water (DI). The solution was left for overnight to complete 
dissolution. Series of feed solutions containing 50 ppm, 250 ppm, 1 g/L, 2 g/L and 4 g/L Al3+ 
were prepared by obtaining appropriate volume of aliquots from stock solution and topped up 
to required volume with DI water. The Al content in the synthetic solutions were verified by 
Atomic Absorption Spectrometer (AAS). 
~ 19 ~ 
Sulphuric acid solutions with various concentrations for stripping test were prepared by diluting 
concentrated acid solution aliquot in DI water to required volume. Final stripping solutions 
contained 1 g/L, 10 g/L, 100 g/L and 200 g/L H2SO4 respectively. 
3.1.2. ORGANIC SOLUTION PREPARATION 
The commercial extractant DEHPA has average molecular weight of 322 g/mol, density of 
0.965 g/ml at 25 0C and contains about 97% active substance. The second commercial extractant 
Cyanex 272 has average molecular weight of 290 g/mol, density of 0.92 g/ml at 25 0C and 
contains about 85% active substance. Each of the organic solvents were used without any 
further purification and then diluted to ShellSol 2046 to make an organic phase of 20% (v/v) 
DEHPA and 20% (v/v) Cyanex 272 respectively. The concentration range is selected based on 
previous literature research. 
3.2. APPARATUS 
All extraction tests have been conducted in 250 ml glass separatory funnel. The aqueous 
solution pH was measured and monitored by TPS Model SMARTCHEM-LAB pH meter which 
calibrated using 1.00 and 4.00 pH buffers. Solution mixing was accomplished using VELP 
Scientifica MST magnetic stirrer. Metal analysis was completed by PerkinElmer AAnalyst 400 
AASpectrometer.  
Stripping test apparatus consisted of a 400 ml glass beaker and VELP Scientifica Model DLS 
overhead stirrer fitted with a high shear impeller which agitation speed was set at 300 rpm. 
All mass measurements were obtained using laboratory analytical balance and pipetting was 
completed by BRAND Transferpette single channel pipettes.  
All experiments were conducted at ambient temperature and in a fume hood to prevent possible 
acid corrosion and toxic fume release to the environment.  
3.3. SOLVENT EXTRACTION TEST PROCEDURE 
The solvent extraction tests were conducted in three stages in order to reach the project 
objective. 
In the first stage, the effect of neutralizing component on extraction isotherm was considered. 
After the effectiveness of glycine addition over 2M NaOH solution neutralization was verified, 
further experiments used glycine as a neutralizing agent. 
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Next, the two organic solvents were evaluated for the extraction efficiency. At this stage 
DEHPA 20% was confirmed to be more effective diluent than that of Cyanex 272 20% due to 
its higher loading capacity. 
Finally, in the last stage, solvent extraction was further carried out to collect the necessary data 
to construct the equilibrium isotherm. 
The summary of test conditions was outlined in Table 3.2. 
Table 3.2. Summary of experimental conditions 
 Stage Experimental Conditions 
Stage 1 DEHPA 20% at pH = 2.5 with addition of 2M NaOH solution 
Stage 1 DEHPA 20% at pH = 2.5 with addition of glycine 
Stage 2 DEHPA 20% at pH = 3.0 with addition of glycine 
Stage 2 Cyanex 272 20% at pH = 3.0 with addition of glycine 
Stage 3 DEHPA 20% at pH = 3.2 with addition of glycine 
 
Based on the literature review, all experiments were conducted at an O/A = 1 where Vorg/aq = 
100 ml. The list of solvent extraction experimental conditions is outlined in Table 3.2. For each 
extraction test, set of six feed solutions with various concentrations; 50 ppm, 250 ppm, 1 g/L, 
2 g/L, 4 g/L and 10 g/L contacted with the organic phase. 
Prior to solvent extraction, the aqueous feed solution pH was measured and adjusted to the test 
condition pH value either with known volume of 2M NaOH solution or known weight of 
glycine or 2M H2SO4 solution. After the feed solution pH adjustment, equal volumes (100 ml) 
of lowest concentration (50 ppm) aqueous feed solution and organic solvents were transferred 
to a separatory funnel to mixed and then contacted for 120 s using manual shaking operation. 
The mixture was allowed to phase disengagement and the aqueous phase was separated into 
glass beaker, and its pH was measured. If the pH value has changed from experimental 
condition, it has adjusted using same reagents described in Section 3.1 and the process was 
repeated until the desired equilibrium pH was reached. Once the equilibrium pH was satisfied, 
the phases are allowed to separate and raffinate was poured into the glass beaker. The next fresh 
aqueous solution in an amount of same phase ratio is then added to the separatory funnel 
containing the remaining organic phase and previous procedure has been repeated. This 
procedure was carried on until all aqueous solutions were contacted with the organic solvent. 
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After each stage of the test, 1 ml of aliquot was drawn from the raffinate to determine the Al3+ 
content by Atomic Absorption Spectrometry. Al3+ concentration in loaded organic phase is 
calculated by the difference between raffinate concentration determined by AAS reading and 
the mass balance equation. Final loaded organic phase after the extraction test was stored for 
the stripping test. 
Figure 3.1 outlined the solvent extraction experiment procedure flowsheet. 
  
Figure 3.1. Flowsheet of solvent extraction experiment procedure 
 
3.4. STRIPPING TEST PROCEDURE 
In the stripping stage, the Al (III) loaded organic phases collected from the extraction stage 
were back extracted with a series of sulphuric acid solutions with various concentrations; 1 g/L, 
10 g/L, 100 g/L and 200 g/L at an aqueous to organic ratio of A/O = 1. Sulphuric acid is selected 
due to its availability, cheap price and wide application based on previous literature. 
The volume of loaded organic is firstly measured accurately to determine the required volume 
of H2SO4 solution. The least concentrated H2SO4 solution was contacted to the loaded organic 
phase first. Then two phases were transferred to a glass beaker and mixed in a stripping test 
apparatus as described in Section 3.3 for 10 minutes. After the phase disengagement, the 
stripping raffinate was separated and the next stripping solution was added to the remaining of 
loaded organic as described above. The procedure has been repeated until all sulphuric acid 
solutions were contacted to loaded organic. An image of the experimental set up is depicted in 
Figure 3.2. 
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Figure 3.2. Experimental set up for stripping test 
After each stage of the test, 1 ml of aliquot was drawn from the stripping raffinate to determine 
the Al content by the Atomic Absorption Spectrometry. 
3.5. ASSAY OF METAL 
To determine the extraction and stripping efficiency for both stages, 1 ml of aliquots were drawn 
from each aqueous phases as described in Section 3.3 and 3.4. The samples were diluted with 
2% nitric acid to the required volume to run by Atomic Absorption Spectrometry at the UQ 
Hydrometallurgy laboratory. A summary of the standard operating condition of AAS is outlined 
in Table 3.3. Dilution factors of 10 and 100 were used to calculate the final Al solution 
concentration where applicable. 
Table 3.3. AAS standard condition for Al analysis 
Al wavelength, nm Flame Calibration points 
396.20 N2O-C2H2 6 
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4. RESULTS AND DISCUSSION 
This chapter discussed the experimental results regarding the thesis aims of determining optimal 
solvent extraction condition of aluminium in sulphate solution and the factors affecting the 
metal extractability including the role of hydrogen ion neutralization agents and the contact 
time.  
4.1. EFFECT OF NEUTRALIZING AGENT ON EXTRACTION 
The extraction of aluminium by organophosphorus acid is ruled by a cation exchange 
mechanism which forms the organometallic compound, thus causing the hydrogen ion 
liberation (Ritcey, 2006a) as per equation 4.1: 
𝐴𝑙3+ + 3(𝑅𝑂)2𝑃𝑂𝑂𝐻 ⇆ ((𝑅𝑂)2𝑃𝑂𝑂)3𝐴𝑙 + 3𝐻
+        (𝟒. 𝟏) 
From the equation 4.1, it is evident that the reaction is reversible, i.e. liberation of hydriogen 
ion is reducing the extraction efficiency, thus it is crucial to neutralize the hydrogen ion released 
into the aqueous phase in order to achieve to the highest possible extraction. The choice of 
neutralizing agent is essential for various reasons including possible precipitation of metal 
hydroxide, selective extraction and solubility in both aqueous and organic phases. Sodium 
hydroxide solution is described to fit well within the criteria and widely discussed throughout 
the literature, hence in the first stage of the project, 2M NaOH solution was used for this 
purpose. 
Glycine was considered as an alternative option for the neutralization later in this study on the 
grounds of its buffering characteristics.  
The influence of NaOH and Glycine as neutralizing agents on the solvent extraction process 
was determined by comparing the target equilibrium pH and actual pH values achieved, total 
contact time and the aluminium extraction rate. 
4.1.1. EFFECT OF SODIUM HYDROXIDE 
In this stage, 2M NaOH solution was used in the experiment after the preliminary study of using 
5M NaOH solution caused Al(OH)3 gel precipitation in an aqueous phase which depicted in 
Figure 4.1. Though, the total volume of the neutralizing solution was negligible, hence the final 
calculations of Al3+ concentration in both phases did not take the volume into account. 
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Figure 4.1. Colloidal Al(OH)3 gel formation in aqueous phase after 0.1 ml 5M NaOH 
solution addition. O/A = 1, DEHPA 20%, t = 22 0C 
The comparison of the target and achieved pH values for equilibrium pH of 1.8 and of 2.5 in 
the presence of 2M NaOH solution as a neutralizing agent is illustrated in Figure 4.2a and 4.2b 
respectively. Each set of measurements was obtained when using DEHPA 20% as an extractant 
at a default ratio of an O/A = 1 at ambient temperature. It is apparent from the graphs that the 
achieved pH values were decreased significantly with an increase in Al3+ concentration for both 
equilibrium pH region. This indicates that NaOH potentially caused the Al hydrolysis in an 
aqueous phase although there were little to no indication of this effect reported by previous 
authors. Another possible explanation of this difference is Na+ ion potentially removed the Al3+ 
ion from organic phase.  This suggestion is supported by a relatively low aluminium extraction 
observed from the equilibrium isotherm. To the best of author’s knowledge and range of 
literature review, such effects of NaOH on Al (III) extraction was not examined on previous 
studies. 
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(a)  
(b)  
Figure 4.2. Comparison of target and achieved pH values with 2M NaOH addition as 
neutralizing agent. O/A = 1, DEHPA 20%, t = 22 0C. (a) pH = 1.8, (b) pH = 2.5 
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It is also observed that a little to no change in an increase of pH value of an aqueous phase with 
the higher Al3+ concentration solutions after each shake-out session, despite the pH values were 
adjusted to target pH. Figure 4.3 illustrates the measured pH values of each solution as a 
function of contact time for equilibrium pH of 1.8 and of 2.5 respectively. 
(a)  
(b)  
Figure 4.3. Measured pH values as a function of time with 2M NaOH addition as 
neutralizing agent. O/A = 1, DEHPA 20%, t = 22 0C. (a) pH = 2.5, (b) pH = 1.8 
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4.1.2. EFFECT OF GLYCINE 
After the unsatisfactory results yielded from NaOH addition as a neutralizing agent, Glycine 
was considered as an alternative approach. Such application of Glycine in solvent extraction 
test is the first time in the field of the study. Preliminary study showed that Glycine has excellent 
solubility of 24.9 g/L in water at 25 0C and does not dissolve in kerosene. Based on this 
difference in solubility, Glycine can be added directly to aqueous phase in a dry crystal form 
hence the overall organic to aqueous ratio will not be disturbed.  
The initial test using Glycine as a neutralizing agent was conducted at equilibrium pH of 2.5 
using DEHPA 20% as organic solvent at default ratio of O/A = 1. It was found that equilibrium 
pH was reached within 5 minutes. No precipitation of Al(OH)3 or removal of pre-loaded Al3+ 
cation from organic phase was observed. Therefore, Glycine was thought to be a suitable 
neutralizing agent in this study and continued to use the rest of the project. Figure 4.4 shows 
the equilibrium time of each feed solution at different equilibrium pH and different extractants. 
 
Figure 4.4. Equilibrium time of each feed solution with Glycine as neutralizing agent at 
different equilibrium pH using DEHPA 20% and Cyanex 272 20% 
 
The results indicate that addition of Glycine as a neutralizing agent significantly reduced the 
equilibrium time than that of using 2M NaOH. All experiment sets using DEHPA 20% as a 
organic solvent have similar equilibrium times between 5 – 6.5 minutes, whereas this period 
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greatly increased to 10 minutes when using Cyanex 272 20% as an extractant. The similar 
observation was recorded by Ichlas and Ibana (2017) under similar testing conditions. 
The weight of Glycine addition was calculated as per the derivative of Henderson-Hasselbach 
equation (Burgot, 2012) 4.2: 
𝑝𝐻 = 𝑝𝐾𝑎 + log (
𝐺𝑙𝑦 − 𝐶
𝐶
)                     (𝟒. 𝟐) 
Where: pH = Equilibrium pH value  
C = Proton concentration  
Considering the Al3+ ion replaces the H+ ion in organophosphorus acid by stoichiometric ratio 
and then H+ ion addition increases the overall hydrogen concentration in aqueous phase, 
equation 4.2 is slightly modified to equation 4.3: 
𝑝𝐻 = 𝑝𝐾𝑎 + log [
𝐺𝑙𝑦 − (𝐻𝑎𝑞
+ + 𝐻𝑜𝑟𝑔
+ )
(𝐻𝑎𝑞
+ + 𝐻𝑜𝑟𝑔
+ )
]                     (𝟒. 𝟑) 
The weight of a Glycine as a function of feed solution concentration for each experiment set is 
shown in Figure 4.5a. The comparison of total consumption of Glycine of each experiment set 
is depicted in Figure 4.5b.  
The usage of Glycine weight proportionally increases with the increase in feed solution 
concentration in all experiment sets using both DEHPA 20% and Cyanex 272 20%. With the 
equilibrium pH increase, the total weight of Glycine increased in all experiments using DEHPA 
20%. The consumption of Glycine was significantly increased by 50% where pH increase was 
in unit of 0.7 only.  
However, considerably lower amount of Glycine was consumed when Cyanex 272 20% was 
used as an extractant at equilibrium pH of 3.0. The underlying reason of this is unknown at the 
time of this study. 
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(a)  
(b)   
Figure 4.5. Weight of Glycine addition to aqueous feed solution in each equilibrium pH 
experiment set. (a) Glycine weight as a function of Al3+ concentration, (b) Total Glycine 
consumption for each experiment set 
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4.1.3. COMPARITIVE STUDY BETWEEN SODIUM HYDROXIDE AND GLYCINE 
The neutralizing performance of both 2M NaOH and Glycine are compared in terms of 
equilibrium time and equilibrium isotherm. Two sets of extraction tests were carried out – each 
test used different neutralizing agent - under the same experimental condition of equilibrium 
pH of 2.5 using DEHPA 20% as an organic extractant. Other conditions maintained were 
default organic to aqueous ratio of O/A = 1 at 22 ± 1 0C. No third phase formation was observed 
over the study. The extraction curves illustrated in Figure 4.6 show that the extraction of Al3+ 
was steadily increased when Glycine was used as a neutralizing agent whereas downward trend 
was observed when 2M NaOH was used.  
 
Figure 4.6. Effect of neutralizing agents on equilibrium isotherm of Al (III) at pH = 2.5. 
O/A = 1, DEHPA 20%, t = 22 0C 
One likely explanation of the decrease in Al3+ concentration in the organic phase with NaOH 
addition is Na+ ion was starting to be co-extracted to DEHPA or potentially rejected the Al3+ 
ion. Overall, it is concluded that Glycine was 60% more efficient than NaOH in terms of 
extraction isotherm. 
Figure 4.7 compares the contact time required to reach equilibrium for two neutralizing agents 
in interest. When using NaOH solution, the contact time varies significantly; lower 
concentration feed solutions were required less contact time while the concentration increases, 
contact time increased up to 26 minutes. Glycine performance was considerably steady; 5.5 
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minutes were required to reach the equilibrium time for all feed solutions except the initial feed 
solution of 0.05 g/L which requires only 4 minutes. See Appendix 2 for full experimental data.  
 
Figure 4.7. Effect of neutralizing agents on equilibrium time of Al extraction at at pH = 
2.5. O/A = 1, DEHPA 20%, t = 22 0C 
Addition of NaOH solution results to aluminium hydrolysis in an aqueous phase is a likely 
explanation of this long contact time, considering the equilibrium pH with the addition of this 
neutralizing agent was also not satisfactory. 
4.2. EFFECT OF EXTRACTANT TYPE ON EXTRACTION 
Relatively little research has been done on the comparative study of extractant effect in terms 
of Al (III) extraction. Both Cyanex 272 (Ichlas and Ibana, 2017) and DEHPA (Mohapatra et 
al., 2007) are suggested by previous authors separately due to their commercial availability, 
good stability and well-studied nature. The concentration and choice of the diluent were 
constant throughout in this study; each extractant was diluted in ShellSol 2046 to 20% (v/v). 
The metal extraction behavior was investigated to evaluate the extractant performance. Two 
sets of extraction tests were carried out using DEHPA 20% and Cyanex 272 20% respectively 
under the same experimental condition of equilibrium pH of 3.0 with neutralization agent of 
Glycine. An organic to aqueous ratio of O/A = 1 at 22 ± 1 0C. No third phase formation was 
observed over the study.  
~ 32 ~ 
Figure 4.8 illustrates the equilibrium isotherm for each extractant. The extraction of Al (III) 
was much higher when DEHPA was used where as Cyanex 272 exhibits much more depressed 
isotherm, which suggested that many extraction stages required to achieve complete aluminium 
extraction. 
 
Figure 4.8. Effect of extractant on equilibrium isotherm of Al (III) at pH = 3.0, O/A = 1, 
t = 22 0C with Glycine neutralization 
The effect of extractant type on extraction efficiency was also studied based on the equilibrium 
isotherm data. Table 4.1 summarizes the extraction efficiency of Al (III) of each feed solution 
using DEHPA 20% and Cyanex 272 20% respectively. The results demonstrated that 
quantitative Al3+ extracted with DEHPA 20% up to 2 g/L Al3+ in the organic phase. However, 
with the further increase on Al3+ concentration up to 10 g/L, extraction efficiency decreased 
because the organic phase is saturated with Al-DEHPA organometallic complex. 
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Table 4.1. Effect of extractant type on extraction efficiency 
Feed Al3+ 
concentration, 
g/L 
DEHPA 20% Cyanex 272 20% 
Al3+(aq), 
g/L 
Al3+(org), 
g/L 
E, % 
Al3+(aq), 
g/L 
Al3+(org), 
g/L 
E, % 
0.05 0.004 0.046 92.0 0.006 0.044 87.8 
0.25 0.008 0.242 96.8 0.115 0.135 54.1 
1.00 0.003 0.997 99.7 0.730 0.270 27.0 
2.00 0.117 1.883 94.2 1.656 0.344 17.2 
4.00 1.661 2.339 58.5 3.355 0.645 16.1 
10.00 8.239 1.761 17.6 9.226 0.774 7.7 
Comparing with DEHPA, Cyanex 272 extracted a relatively low amount of Al3+ beyond the 
first feed solution of 0.05 g/L. This result is contrary to other research by Tsakiridis and 
Agatzini-Leonardou (2005), which claimed that Cyanex 272 was suitable extractant for Al (III) 
in SX. One significant difference of that previous study was the operating temperature of 40 0C 
and the highest concentration of feed solution was limited to 5.85 g/L. Both of these parameters 
have significant effect when comparing the difference in final equilibrium efficiency. Also, the 
poor performance can be attributed to insufficient Cyanex 272 compound in the organic phase 
as well as operating temperature, i.e. extractant concentration and working temperature might 
need to be increased in order to achieve the satisfactory extraction. 
4.3. EFFECT OF PH ON EXTRACTION 
As stated in section 4.1, release of hydrogen ion from organophosphorus acid has significant 
effect on Al (III) extraction, hence many authors stated that pH directly influence the metal 
extraction capacity (Mónica Maria Jiménez et al., 2018). On the other hand, Al3+ ion tends to 
bond with OH- anion and forms colloidal aluminium hydroxide Al(OH)3 precipitation above 
certain pH points (El Hazek et al., 2012) which is the common Al (III) recovery practice in 
hydrometallurgical processes. 
Thus, the effect of aqueous pH on the extraction percentage of Al (III) was studied. Three 
extraction tests were carried out at various equilibrium pH of 2.5; 3.0 and 3.2 values. All 
extraction tests were used DEHPA 20% as an organic extractant, Glycine as a neutralizing agent 
at a default organic to aqueous ratio of O/A = 1 and at 22 ± 1 0C. The Al3+ concentration in 
aqueous phase and initial feed solutions were determined by AAS analysis and organic phase 
concentration was determined by a mass balance formulated in equation 4.4: 
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𝑉(𝑜𝑟𝑔) ∙ [𝑀](𝑜𝑟𝑔) = 𝑉(𝑎𝑞) ∙ ([𝑀](𝑓) − [𝑀](𝑟))                (𝟒. 𝟒) 
The experimental results presented in Figure 4.9a and 4.9b shows that Al extraction increased 
with increasing pH from 2.5 to 3.0 and then decreased with further pH increase to 3.2 which 
indicates that any further pH increase was not appreciated.  
An extremely slow separation time of 20 minutes associated with a third phase formation was 
observed with 0.05 g/L and 0.25 g/L feed solutions respectively at pH 3.2 which illustrated in 
Figure 4.10. The third phase was cleared within 30 minutes of separation. 
(a)  
(b)  
Figure 4.9. (a) Effect of equilibrium pH on the extraction of Al (III) using 20% DEHPA, 
(b) Equilibrium isotherms at different equilibrium pH values at O/A = 1, t = 22 0C with 
Glycine neutralization 
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Based on the mass balance equation 4.4, organic phase contains about 7.47 g/L Al3+ at pH = 
3.0 with extraction efficiency of 68.4%. The highest Al extraction of 68.4% was achieved at 
pH = 3.0. Compared to the findings of Mohapatra et al. (2007) and Mónica Maria Jiménez et 
al. (2018) who reported higher extraction efficiency of 92% at same pH range, our result is 
relatively low. 
It must be pointed out that when comparing these results with those of previous studies, the 
concentration of a feed solution used in this study was significantly higher than those reported 
from previous studies with DEHPA as an extractant. This is due to the fact that Al (III) was an 
impurity rather than element of interest within the scope of those literature. Hence, higher 
extraction can be achieved with higher O/A ratio. 
 
Figure 4.10. Image of third phase formation from mixture of 0.05 g/L Al (III) feed 
solution and 20% DEHPA at pH = 3.2, O/A = 1, t = 22 0C with Glycine neutralization 
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4.4. EXTRACTION ISOTHERM 
In order to predict the number of stages required to quantitatively extract Al (III) from acidic 
sulphate solution at chosen experimental condition, McCabe – Thiele diagram has constructed 
based on the obtained equilibrium isotherm data. The extraction isotherm was determined under 
following conditions: Organic extractant DEHPA = 20% (v/v), diluent kerosene, equilibrium 
pH = 3.0 and T0 = 22 ± 1 0C in the presence of Glycine as neutralizing agent. From the diagram 
shown in Figure 4.11 it can be predicted that >98% Al (III) extraction can be achieved in two 
stages with A/O = 1.5. 
 
Figure 4.11. McCabe-Thiele diagrams for Al3+ extraction by DEHPA 20% diluted in 
kerosene at equilibrium pH = 3.0, t = 22 0C with Glycine neutralization 
Due to the limited time frame of the project, continuous counter-current simulation test was not 
carried out in this study. Hence, future simulation tests are necessary to validate these McCabe-
Thiele predictions either with synthesized Al (III) feed solution or pregnant leach solution 
generated from the preceding stage. 
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4.5. ALUMINIUM STRIPPING TEST 
The stripping of the metal from loaded organic is crucial step to the recovery of metal in interest. 
As noted in section 3.4, stripping is the reverse reaction of extraction process, thus excess 
hydrogen ion presence in aqueous phase will back-extract the loaded metal ion from organic 
phase.  
In this experiment, the effect of H2SO4 concentration on the stripping behaviour of aluminium 
ion loaded to DEHPA was examined using the organic phases collected from the previous 
extraction tests. H2SO4 solution concentration was ranged between 1 g/L to 200 g/L with contact 
time of 10 minutes each. Al3+ concentration in raffinate samples were analysed by AAS and, 
stripping efficiency was calculated based on a mass balance. The stripping test results are 
summarized in Table 4.2.  
Table 4.2. Aluminium recovery rate from loaded DEHPA at different equilibrium pH by 
H2SO4 solutions with various concentrations 
[H₂SO₄](aq), 
g/L 
Al3+ RECOVERY, (%) 
Loaded DEHPA 2.5 Loaded DEHPA 3.0 Loaded DEHPA 3.2 
1 1.8 2.1 1.3 
10 3.1 3.5 2.2 
100 27.2 28.3 11.8 
200 5.7 6.3 35.1 
  
As the table shows, loaded DEHPA at pH = 2.5 as well as loaded DEHPA at pH = 3.0 showed 
similar stripping behaviour of increase in Al3+ stripping efficiency with the increase in H2SO4 
concentration up until 100 g/L and then decreased with further acid concentration increase 
respectively. This trend is in agreement with the work of Mohapatra et al. (2007) who reported 
0.8M acid solution (equal to 78.4 g/L H2SO4) is sufficient for Al (III) stripping from loaded 
DEHPA and any further increase had nearly no effect on the process. 
Interestingly, stripping experiment resulting from loaded DEHPA at equilibrium pH of 3.2 
demonstrated different trend which efficiency consistently increased with an increase in H2SO4 
concentration. This result is more in line with the expectation of higher acid concentration 
would promote hydrogen ion and metal-ligand complex reaction better. A similar result was 
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obtained by other literature including Tsakiridis and Agatzini-Leonardou (2005) who reported 
increase in acid concentration have linear correlation to Al3+ efficiency.  
However, overall Al3+ recovery is particularly poor, the highest efficiency of 35.07% with 200 
g/L H2SO4 solution stripping is nowhere close to the target recovery of >95% which is in 
contrast of majority of literature, where the reported stripping efficiency with >98% of 
recovery. To date, the underlying reason of such poor performance in this study is remained 
unknown. 
At this stage, a possible explanation of the unsatisfactory result can be related to the extremely 
slow kinetics between two phases as described by Ritcey (2006b) who reported three 10 minutes 
stages of stripping required to reach the optimal recovery. Mohapatra et al. (2007) also observed 
same slow stripping kinetics with Al loaded Cyanex 272 and suggested higher acid 
concentrations between 2 – 3 M (equal to 196 g/L – 294 g/L H2SO4) to completely strip Al3+ 
from when the organic phase loaded with 5 g/L or higher Al (III). Thus, it would be possible to 
reach better recovery rate with higher stripping concentrations up to 400 g/L H2SO4, higher 
A/O ratios and extended contact time.  
Also, HCl is considered as an alternative option for stripping agent as suggested by several 
authors, however, these options surpass the scope and time limits of this thesis.   
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5. CONCLUSIONS AND RECOMMENDATIONS 
5.1. CONCLUSIONS 
As global demand in High Purity Aluminium (HPA) is in increase and major Al source of 
bauxite becomes scarce, studying and developing more effective and economical method of 
HPA production from non-bauxite ores such as kaolin gained more interest. The product value 
increases in accordance with its purity, in which majority of manufacturers aim to produce 5N 
category product with purity of 99.999%. A part of the proposed process technology of HPA 
production from kaolin is the selective solvent extraction of Al (III) from pregnant leaching 
solution to obtain pure solution free from impurities.  
The main objectives of this thesis were to determine the optimal solvent extraction condition 
for aluminium in acidic sulphate solution and optimize the hydrogen ion neutralization. The 
literature review revealed that relatively fewer works have been done on the solvent extraction 
of Al (III), especially focusing on Al (III) as a main element of interest. There is, however, wide 
range of data available on the solvent extraction behavior of metals, organic solvents and 
general hydrogen ion neutralization in sulphate media. 
The available information was useful to select the organic extractants Di(2,4,4-tri-
methylpentyl) phosphinic acid (Cyanex 272) and Di-2-ethylhexyl phosphoric acid (DEHPA) 
which are both well studied, commercially available and has high loading capacities. 
Information on choice of neutralizing agent was rare though, at the time of the literature review, 
NaOH appeared to be the main compound for this purpose. Glycine was selected as an 
alternative neutralizing agent based on its buffering properties, however, its application on Al 
(III) extraction is novel as it has not been previously attempted. 
In pursuing these objectives following conclusions have been made based on the experimental 
study: 
1. NaOH exhibited various negative effect on Al3+ extraction under given experimental 
condition.  
Preliminary study showed that 5M NaOH solution addition caused Al(OH)3 gel precipitation 
in aqueous phase. Thus, 2M NaOH solution was used as a neutralizing agent at equilibrium pH 
of 1.8 and 2.5 with 20% DEHPA used as an organic extractant at O/A = 1 ratio. In both 
experiments, NaOH hindered the achieved pH value to reach the target pH value by potentially 
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causing Al hydrolysis in aqueous phase. Downward trend was also observed in the extraction 
isotherm when NaOH used; author suggests that the replacement of Na+ ion rejects Al3+ ion in 
the organic phase might be the possible explanation of this effect. Long contact time required 
to reach equilibrium point with NaOH neutralization. 26 minutes required for 2 g/l Al3+ solution 
to reach the equilibrium point. 
2. Glycine was proved to be an effective neutralizing agent.  
Al3+ extraction was increased by about 60% when Glycine was used comparing to the 
experiment result with NaOH neutralization. Overall equilibrium time significantly reduced to 
average of 5.5 minutes with Glycine addition. Due to its high solubility in aqueous phase, 
Glycine was added to feed solution directly in dry crystal form with no Al(OH)3 precipitation. 
This is a major advantage in neutralization as the addition will not change the O/A ratio. 
However, the Glycine consumption was proportionally increased with increase in Al3+ 
concentration in feed solution and equilibrium pH value.  
3. DEHPA exhibited better extraction properties than that of Cyanex 272. 
The experiment conducted at equilibrium pH = 3.0, O/A = 1 ratio and at 22 0C with Glycine as 
a neutralizing compound. Under given experimental condition, loaded DEHPA contained ~7.5 
g/L Al while loaded Cyanex 272 contained ~2.4 g/L Al.   
4. Al (III) extraction is quantitative in two stages at an A/O ratio of 1.5, equilibrium pH = 
3.0 by 20% DEHPA with Glycine as neutralizing agent. 
The assumption was drawn based on the construction of McCabe – Thiele diagram 
5. H2SO4 solution showed some difficulty in stripping test.  
Although Al3+ stripping efficiency was increased with increase in H2SO4 concentration, overall 
Al3+ recovery was poor. Highest recovery of 35.07% was achieved with 200 g/L H2SO4 solution 
from loaded DEHPA from equilibrium pH of 3.2. However, this result was not reached to 
satisfactory rate of >95%. To date, underlying cause of this poor performance remains largely 
unknown. 
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5.2. RECOMMENDATIONS FOR FUTURE RESEARCH WORK 
The limited period and scope of this thesis suggests that a few areas have where further work 
is required to address the following unresolved issues: 
1. Implement the suggested optimal solvent extraction condition on actual kaolin leaching 
solution to prove the Al extraction efficiency with presence of impurities. 
2. Determine the reason of the low Al3+ recovery on stripping stage and evaluate the 
stripping efficiency with higher H2SO4 concentration, higher A/O ratio and furthermore 
test different acid solutions. 
3. Investigate the possibility of Glycine usage directly on leaching stage for cost saving 
purpose 
4. Investigate the possibility of Glycine regeneration in raffinate recycle 
5. Further research is recommended to study the Glycine effect on other impurities 
contained in leach solution 
 
  
~ 42 ~ 
6. REFERENCES 
ANDROMEDA METALS 2018, Halloysite/Kaolin & High Purity Alumina - Development 
Opportunity, Andromeda Metals, Adelaide, Available: 
http://www.andromet.com.au/images/uploads/reports/20181003_Investor_Presentatio
n_Oct_2018_v2.pdf [Accessed 15 May, 2019]. 
ARCHER S.J., C. V., A.J. DU TOIT, FORNER E.L., KOTZE M.H. 2014. Strong versus Weak 
Acid Stripping of Loaded DEHPA Extractant Containing Calcium. ISEC2014 - 
International Solvent Extraction Conference. DRA Global. 
BENCHMARK 2018, Light, Batteries, Action!, Benchmark Minerals, Available: 
http://www.collerinacobalt.com.au/index.cfm/reports-and-announcements/news/lights-
batteries-action-benchmark-hpa-article/ [Accessed 10 May, 2019]. 
BENITEZ J.C., S. M., LABADIE J., PENA J. 1998. Seperation and Recovery of Aluminum 
from the Waste Solution WL by Solvent Extraction Process. International Conference 
of HAZARDOUS WASTE: Sources, Effects and Management. Cairo: [HAWA]. 
BOREHAM, T. 2019, 'Is High Purity Alumina The Next Battery Gold Rush?', SHARECAFE, 
24 April, 'Available:' https://www.sharecafe.com.au/2019/04/24/is-high-purity-
alumina-the-next-battery-gold-rush/ [Accessed 15 May, 2019]. 
BURGOT, J.-L. 2012. Ionic Equilibria in Analytical Chemistry, New York, NY: Springer New 
York. 
COLLERINA COBALT LTD 2018, Fast Track HPA Production, Collerina Cobalt Ltd, 
Sydney, Available: http://www.collerinacobalt.com.au/index.cfm/reports-and-
announcements/presentations/2018-presentations/presentation-to-investors2/ 
[Accessed 15 May, 2019]. 
CYTEC INDUSTRIES, I. 2010. Mining chemicals handbook, West Patterson, N.J. : Cytec 
Industries Inc. 
EL HAZEK, M. N., EL HEFNY, E. A., BORIK, R. M., AHMED, F. Y., EL KASSABY, M. 
A. & ATTIA, R. M. 2012. Recovery of alumina and some heavy metals from sulfate 
liquor. Arabian Journal of Chemistry, 9. 
HABASHI, F. 1993. A textbook of hydrometallurgy, Sainte-Foy, Quebec : Métallurgie 
Extractive Québec : distributed by Librairie des Presses de l'Université Laval. 
~ 43 ~ 
ICHLAS, Z. T. & IBANA, D. C. 2017. Process development for the direct solvent extraction 
of nickel and cobalt from nitrate solution: aluminum, cobalt, and nickel separation using 
Cyanex 272. International Journal of Minerals, Metallurgy, and Materials, 24, 37-46. 
JIMENEZ CORREA, M., A. S. TENORIO, J. & ESPINOSA, D. 2014. Synergistic solvent 
extraction of metals from a sulfuric acid leaching liquor recovered from printed circuit 
boards from computers. 
KISLIK, V. S. 2012a. Chapter 1 - Modern (Classical) Fundamental Principles of Solvent 
Extraction. In: KISLIK, V. S. (ed.) Solvent Extraction. Amsterdam: Elsevier. 
KISLIK, V. S. 2012b. Chapter 3 - Chemistry of Metal Solvent Extraction. In: KISLIK, V. S. 
(ed.) Solvent Extraction. Amsterdam: Elsevier. 
MOHAPATRA, D., HONG-IN, K., NAM, C.-W. & PARK, K.-H. 2007. Liquid–liquid 
extraction of aluminium(III) from mixed sulphate solutions using sodium salts of 
Cyanex 272 and D2EHPA. Separation and Purification Technology, 56, 311-318. 
MOHAPATRA, D. & PARK, K. 2008. Solvent extraction of Al(III) from sulfate solutions 
using bis (2,4,4-trimethylpentyl) phosphinic acid — mechanism and complexation. An 
Official International Peer-reviewed Journal of the Society, 25, 73-78. 
MÓNICA MARIA JIMÉNEZ, C., FLÁVIA PAULUCCI CIANGA, S., PAULA, A., VIVIANE 
TAVARES DE, M., DAVID, D. & DENISE CROCCE ROMANO, E. 2018. 
SEPARATION OF COPPER FROM A LEACHING SOLUTION OF PRINTED 
CIRCUIT BOARDS BY USING SOLVENT EXTRACTION WITH D2EHPA. 
Brazilian Journal of Chemical Engineering, 35, 919-930. 
OIAZABAL, M. A., FERNANDEZ, L. A. & MADARIAGA, J. M. 1991. THE SEPARATION 
OF ALUMINUM FROM AN ALKALINE SOLUTION CONTAINING 
MOLYBDENUM AND VANADIUM BY EXTRACTION WITH LIX 26 
DISSOLVED IN n-OCTANOL / HEXANE MIXTURES. Solvent Extraction and Ion 
Exchange, 9, 735-748. 
ORABY, E. A. & EKSTEEN, J. J. 2015. The leaching of gold, silver and their alloys in alkaline 
glycine–peroxide solutions and their adsorption on carbon. Hydrometallurgy, 152, 199-
203. 
PRESTON, J. S. 1985. Solvent extraction of metals by carboxylic acids. Hydrometallurgy, 14, 
171-188. 
~ 44 ~ 
RITCEY, G. M. 2006a. Solvent extraction : principles and applications to process metallurgy, 
Ottawa, Canada : G.M. Ritcey & Associates. 
RITCEY, G. M. 2006b. Solvent extraction : principles and applications to process metallurgy. 
Rev. 2nd ed. / Gordon M. Ritcey.. ed.: Ottawa, Canada : G.M. Ritcey & Associates. 
SAUKKORIIPI, J. & LAASONEN, K. 2010. Theoretical Study of the Hydrolysis of 
Pentameric Aluminum Complexes. Journal of Chemical Theory and Computation, 6, 
993-1007. 
SHELL CHEMICALS 2016, ShellSol 2046 AR Technical Datasheet, Available: 
https://www.shell.com/business-customers/chemicals/our-products/solvents-
hydrocarbon/white-mineral-spirits-blends/ [Accessed 23 Mar, 2019]. 
TANDA, B. C., ORABY, E. A. & EKSTEEN, J. J. 2017. Recovery of copper from alkaline 
glycine leach solution using solvent extraction. Separation and Purification 
Technology, 187, 389-396. 
TSAKIRIDIS, P. E. & AGATZINI-LEONARDOU, S. 2005. Solvent extraction of aluminium 
in the presence of cobalt, nickel and magnesium from sulphate solutions by Cyanex 272. 
Hydrometallurgy, 80, 90-97. 
TUNCUK, A., CIFTLIK, S. & AKCIL, A. 2013. Factorial experiments for iron removal from 
kaolin by using single and two-step leaching with sulfuric acid. Hydrometallurgy, 134-
135, 80-86. 
WANG, Y., WANG, Y., SU, X., ZHOU, H. & SUN, X. 2018. Complete separation of 
aluminium from rare earths using two-stage solvent extraction. Hydrometallurgy, 179, 
181-187. 
YANG, J., EKBERG, C. & RETEGAN, T. 2014. Optimization of Indium Recovery and 
Separation from LCD Waste by Solvent Extraction with Bis(2-ethylhexyl) Phosphate 
(D2EHPA). International Journal of Chemical Engineering, 2014. 
YANG, X. & QIU, T. 2017. Influence of aluminum ions distribution on the removal of 
aluminum from rare earth solutions using saponified naphthenic acid. Separation and 
Purification Technology, 186, 290-296. 
  
~ 45 ~ 
7. APPENDICES 
7.1. APPENDIX 1 
The following data has been adapted from the work of Tuncuk et al. (2013). 
Table 7.1. Typical chemical composition of kaolin ores 
Main Components, (%wt) Major Impurities, (%wt) 
Al2O3 SiO2 H2O Fe2O3 MgO CaO TiO2 K2O 
37.8 - 39 45.4 - 46 11.2 - 13 0.78 – 0.9 0.6 0.34 0.6 1.8 
 
7.2. APPENDIX 2 
The following technical datasheet is adapted from ShellSol (2016). 
 
Figure 7.1. Technical datasheet of ShellSol 2046  
 
